Summary. A greenhouse experiment was conducted over two growing seasons to study the physical and mechanical properties of a recycled multilayer plastic cover and its effect on the production of greenhouse-grown tomatoes. Two experimental greenhouses were constructed, one covered with recycled multilayer film and the other with conventional virgin monolayer film. The air temperature under both covers was similar; the soil temperature in the recycled multilayer house was a few degrees lower in the afternoon hours to midnight than in the virgin monolayer house. The recycled multilayer film retained its strength and elasticity over a useful service life of 7 months (one growing season), after which severe degradation occurred as manifested by a 50% loss of elongation at break. During the useful lifetime of the film, haziness, light scattering, and light transmission of the recycled film was similar to the conventional film. The thermal analysis of the recycled film revealed a low stability against thermo-oxidative degradation and the infrared analysis indicated the presence of a measurable amount of degradation products, mainly carbonyl groups, in the recycled film in comparison with conventional film. During the useful lifetime of recycled film, yield components of the tomato crop were identical to the conventional film in both growing seasons. In conclusion, waste plastic recycling offers an attractive solution to nuisance environmental problems. However, the useful lifetime of recycled films needs to be improved.
I
n the past 2 decades, expansion of high-value horticultural crops production has been associated with an increase in the use of plastic. Plastic greenhouses and high tunnels now cover ≈200,000 ha, worldwide (Wittwer, 1993) . Plastic houses in Jordan occupied >1170 ha in 1992. The use of protected agriculture in Jordan has resulted in the accumulation of ≈5800 tons of waste plastic films per year (Ali et al., 1990) . Disposal of these waste plastics has been accomplished by burning or dumping in landfills. As environmental concerns about plastic disposal continue to grow, more pressure is applied by various groups to develop alternative safe disposal technologies (Ennis, 1987) . Although the current plastic revolution has increased productivity and improved quality of horticultural crops, problems of plastic disposal (Brown and Splittstoesser, 1991) and the high cost of plastic films may limit the use of plastic. Recycling of plastics could be a possible approach to reducing "plastic pollution," alleviating disposal problems (Glenn, 1990; Leaversuch, 1991) and offering plastic at lower prices (Khraishi, 1993) .
The quality of a greenhouse cover has a major influence on crop production. Strength, consistency, durability, manufacturing quality, transmission of solar radiation, haziness, and energy conservation should be considered in selecting greenhouse covers. The objectives here were to measure the physical and mechanical properties of a recycled multilayer plastic film and to study the effects of recycled multilayer plastic film cover on the production of greenhouse-grown tomatoes.
Materials and methods
Discarded greenhouse films were collected from the center of the Jordan Valley and treated via sequential steps until regenerated granules were obtained using the facilities of the Plastics Research Laboratory of the Royal Scientific Society (RSS), Amman, Jordan. The recycling steps included collection, coarse size reduction, washing, drying, fine size reduction, and pelletizing to regenerated pellets. The multilayered covers then were coextruded from the regenerated pellets by an Egyptian company. The monolayer film was composed of low-density polyethylene (LDPE) and the recycled multilayer film was composed of LDPE, linear low-density polyethylene (LLDPE), ultraviolet stabilizer, and the waste plastic material. More details on the composition and manufacturing of recycled multilayer film were reported in Khraishi (1993) . The recycled multilayer film was 15% thinner than the conventional virgin monolayer film.
The experiment was carried out on a calcareous sandy loam soil at the Jordan Univ. Experimental Station in the Jordan Valley during the 1991-92 and 1992-93 growing seasons. Two 50 × 9-m greenhouses were used. One house was covered with the recycled multilayer film (recycled material), whereas the other house used virgin monolayer conventional film. The tomato cultivar Claudia RAF was used. Identical soil preparation was made in each greenhouse and the soil was fumigated with methyl bromide. In each greenhouse, eight raised beds were formed, each 20 cm high, 60 cm wide, and 100 cm from center to center. Drip irrigation and black plastic mulch were applied to the raised beds. Each greenhouse was divided into nine equal plots (replications). Each plot consisted of eight, 5-m-long raised beds. The inside environment of the houses was monitored with nine thermocouples at 120 cm above the soil (one in each plot) along each greenhouse. A 10th thermocouple was inserted 25 cm deep in the soil at the middle of each greenhouse. All thermocouples were connected to a computer system, model Data-10-Ging (3530 Orion), to measure and record temperature continuously in both greenhouses and for each growing season. Outside temperature and average day length during the experiment are reported in Table 1 . Five-week-old tomato seedlings were planted in the raised beds the first week of November in both 1991 and 5) Thermal properties (melting point, heat of fusion, and onset of oxidation) using Mettler DSC 30 calorimeter at a heating rate of 10C/min (Charkraborty and Scott, 1977) . 6) Spectroscopic detection of degradation products by infrared analysis using the Michelson 100 FTIR spectrophotometer (Amin et al., 1975) . 7) Absorption of short UV radiation using a Varian DSM-100/200 UV-VIS spectrometer. This test determines the screening or filtering efficiency of the film (Cordonnier, 1987) .
The films also were exposed to 1992. Plants were set 40 cm apart at the center of each raised bed. Plants were trained vertically to one stem by removal of axillary shoots as they appeared. Cultural practices, irrigation, fertilization, and spraying for insects and diseases followed standard commercial procedures. Fruits were harvested at the red-ripe stage. Numbers and weights of fruits were recorded for each plot. A paired comparison test was used for comparing yields. One sample( 30 × 30 cm) of each monolayer and multilayer films were extracted monthly from Nov. 1991 to June 1992 from the east side of each greenhouse for laboratory testing. The sampled sections were replaced and the greenhouses were repaired promptly. Each sample was used for five readings. The properties of the extruded films were inspected before and after exposure to outdoor weathering. The facilities of both Royal Scientific Society (Amman, Jordan) and McGill Univ. (Quebec, Canada) were used. The following selective tests were conducted: 1) Melt flow index according to ASTM D 1238 using a Frank plastometer at 190C and 5 kg (Charkraborty and Scott, 1977) .
2) Tear-resistance using Schenk Trebel universal testing machine at a speed of 50 mm•min -1 according to ASTM D-1004. This method tests the resistance of the film to crack propagation (Cordonnier, 1987) .
3) Tensile properties using Schenk Trebel universal testing machine at a speed of 250 mm•min 
Results and discussion
Temperatures inside the experimental greenhouses were recorded over 24 h for the two growing seasons. Representative samples are shown in Fig. 2 . Soil temperature in the recycled multilayer house was a few degrees lower in the afternoon hours to midnight than in the virgin monolayer house, whereas the air temperatures in both houses were very similar. The afternoon cooling suggests that the multilayered cover has a higher permeability to infrared radiation, which could be attributed in part to the 15% lower thickness of the multilayer film.
A 50% loss of elongation is commonly used as the failure criterion of films on the end of the service life of the film. The multilayer cover retained its tensile properties over the first part of the growing season, after which a significant and rapid deterioration in tensile strength was observed (Fig. 3) . The monolayer virgin covers showed no variation in the tensile properties over the two growing seasons. The inferior tensile strength of the recycled multilayer film was compromised by an improved elongation at break over the first growing season due to the optimization of the polymer blend of the bottom layer (Fig. 4) . The apparent initial insensitivity to UV radiation is a net effect of competing degradation processes. The photodegradation process in a polymer may involve any or all of the following reactions: Chainof processes involved in the photochemical degradation. (Khraishi and AlRobaidi, 1991) .
The thickness of the film plays an important role in the determination of the film service life because the light stability decreases significantly with reduced thickness (Cordonnier, 1987) . The multilayer film tested was 15% thinner than the traditional monolayer film (Table 2) . Agricultural films having an average breaking, resulting in low molecular weight products; cross-linking, resulting in brittle products; and formation of low-molecular-weight oxidation products that could be washed away (Mukhopadhyay and Banerjee, 1987) . The sharp loss of elongation is a final consequence of those series thickness of 150 µm commonly last for 1 year in the Jordan Valley, whereas films 180 to 200 µm thick last for 2 to 3 years. The tear-resistance of the multilayer film (Fig. 5) was only 2% less than that of the virgin cover over the 7-month weathering period. The inclusion of property modifiers served to improve significantly the impact and tear-strength properties of the recycled waste. The haziness of the multilayer cover showed a similar trend of change with weathering time, but with higher values than those of virgin monolayer cover (Fig. 6 ). Both films showed discoloration and loss of transparency after 7 months of exposure. However, the multilayer film exhibited a slightly lower light transmission percentage and higher light scatter (Table  3) . The lower light transmission in the multilayer film is expected due to the presence of recycled waste plants receive the light with an even intensity from all directions, allowing for uniform growth. The thermal analysis of the monolayer and multilayer covers showed no variation in the melting point, whereas the heat of fusion of both covers increased to a maximum value after 5 months of exposure and then declined again (Fig. 7) .
The rise in heat of fusion of virgin monolayer film, while maintaining its mechanical strength, reflects an increase in the crystallinity of the film due to an ordering process of the lowmolecular-weight segments enhanced by the absorbed energy. On the other hand, the change in the heat of fusion with a high gel content. The good scatter diffuses light in such a way that multilayer film at a 5-kg load and 190C were 0.18 and 0.02 g•min -1 for unweathered film and after 8 months of natural weathering, respectively, and indicated that the dominant reaction is cross-linking (Charkraborty and Scott, 1977) .
The FTIR absorption spectra of the sample films were measured. The photo-oxidation products of polyethylene is expressed commonly as the carbonyl index, which is the ratio of the carbonyl absorbance to an invariant absorbance of the polymer. The measurements indicated that unweath- of multilayer film together with the deteriorating properties reflect structural changes due to photodegradation. The photodegradation process of polyethylene involves two competing reactions, namely chain-breaking, resulting in low molecular weight segments, and cross-linking, resulting in an increased molecular weight product. The predominance of either reaction depends on the extent to which the polymer is able to react with oxygen, which is usually present in the amorphous domains of the polymer. Measurements of the melt flow index (MFI) of the ) for the virgin monolayer film. The carbonyl groups in the film containing recycled waste are a main light-absorbing species that initiate and catalyse the photochemical decomposition (Amin et al., 1975) . The IR spectrum of monolayer films weathered for 6 months and 15 months, respectively, showed that the virgin plastic film had excellent resistance to weathering, as reflected by the unchanged profile. Attempts to identify the complex products of degradation in the recycled multilayer film did not reveal much information, although significant mechanical deterioration (40% loss in elongation) was observed. The multilayer spectrum showed a decrease in absorbances at 728 and 1463 cm -1
. The peaks at 1247 and 1378 cm -1 also were shifted to 1242 and 1390 cm -1 as a result of structural changes.
Comparison of yields of tomatoes grown in a plastic greenhouse covered by recycled multilayer film with that covered by traditional monolayer film is shown in Tables 4 and 5 . There were no differences in early and total tomato yield or average fruit weight between the two covers during either the 1991-92 or 1992-93 seasons (Table 4 ). The same monolayer film was used for both seasons; a new multilayer film was used for each season, indicating that the oneseason-old multilayer film was as effective as the one-or two-season-old monolayer film in providing the biological requirements of a tomato crop. Although soil temperatures were slightly lower in the greenhouse covered with HortTechnology q Oct./Dec. 1994
4 (4) recycled film , the yields were not significantly different. The multilayer cover has the potential to provide the biological requirements of a tomato crop for only one growing season (7 months), whereas the traditional monolayer film is effective as a cover for two or more growing seasons. The results of this research proved that waste recycling offers an attractive solution to nuisance environmental problems. However, subsequent work should be focused on the increase of useful lifetime of the film by controlling the thermo-oxidative degradation.
